Introduction
In order to create robust projections of future climate change, it is of great importance to understand past natural climate variability, as this may help to discern the relative importance of natural and anthropogenic forcing on the climate system (MassonDelmotte et al., 2013) . Glaciers and ice caps are excellent climate indicators, as they respond to changes in temperature and precipitation; and thus, records of past glacier fluctuations can give information about past climate variability (Oerlemans, 2005) . Presently, the annual mass-balance of small plateau glaciers located at the coast of south-western Norway is controlled mainly by winter accumulation, and mass-balance measurements from this area are therefore useful tools for exploring past variations in winter precipitation (Marzeion and Nesje, 2012) . Glacier massbalance data are, however, generally scarce; in some cases discontinuous; and extend only a few decades back in time. In order to expand records of glacier variability and associated winter precipitation beyond the instrumental record we therefore utilize natural archives, such as continuous sedimentary records from distal glacier-fed lakes.
Distal glacier-fed lakes act as traps for glacially eroded sediments that are transported by glacial meltwater streams downvalley, and by quantifying the influx of glacial sediment to these lakes it is possible to reconstruct continuous changes in upstream glacial erosion and hence glacier size through time. A large number of distal glacier-fed lakes have been investigated throughout Scandinavia, together providing an extensive overview of past glacier variability in this region (Karl en, 1976 (Karl en, , 1981 Dahl and Nesje, 1992; Karl en and Matthews, 1992; Dahl and Nesje, 1994; Matthews et al., 2000; Nesje et al., 2000b Nesje et al., , 2001 Lie et al., 2004; Rosqvist et al., 2004; Bakke et al., 2005; Shakesby et al., 2007; Bakke et al., 2010; Vasskog et al., 2012; Bakke et al., 2013; Røthe et al., 2015; Wittmeier et al., 2015) .
Some of these records present only relative changes in glacial input to the lakes, but in cases where dated moraine ridges are available to reconstruct the glacier extent at specific points in time, lake records can be calibrated to produce continuous reconstructions of changes in equilibrium-line altitude (ELA) (e.g. Nesje et al., 2001; Dahl et al., 2003; Bakke et al., 2010; Røthe et al., 2015) . If an independent record of summer temperature is available, estimates of past winter precipitation can be extracted from continuous ELA reconstructions (e.g. Dahl and Nesje, 1996; Bjune et al., 2005) through the so-called 'Liestøl equation' described by O. Liestøl in Sissons (1979) ; a mathematical expression based on the empirical relationship between annual precipitation and summer temperature at the ELA of ten Norwegian glaciers.
Ålfotbreen is the westernmost ice cap in Norway, and the extreme maritime nature of this plateau glacier makes it a particularly interesting target for high-resolution reconstructions of past glacier fluctuations. From CE1963-2010, changes in the annual mass balance of Ålfotbreen have been mainly governed by the amount of winter accumulation (R 2 ¼ 0.71) (data from: Kjøllmoen, 2011) , but the relative importance of winter accumulation vs. summer ablation might be different when longer timescales are considered (Trachsel and Nesje, 2015) . Long-term ELA reconstructions are therefore valuable tools for evaluating long-term natural variability of past winter climate. Here we present (1) a relative glacier fluctuation reconstruction of the Ålfotbreen ice cap during the Holocene; (2) a high-resolution reconstruction of Neoglacial ELA variations; (3) a constraint on the timing of the 'Little Ice Age' (LIA) maximum; and (4) reconstructed Neoglacial winter precipitation for the study area. Finally, we discuss the climatic implications of our findings in relation to other palaeoclimatic records in the North Atlantic region, including glacier records and winter precipitation reconstructions from other parts of Scandinavia, as well as possible forcing mechanisms that could explain the observed glacier variability.
Study area

Glacier, climate and bedrock
The Ålfotbreen plateau glacier (here defined as encompassing the two separate ice caps 'Ålfotbreen' and 'Blåbreen' with surrounding ice patches) covers an area of 15.5 km 2 (Andreassen et al., 2012) , where the majority of the glaciated area is constrained to a limited altitude interval near the maximum elevation (Kjøllmoen, 2011; Andreassen et al., 2012) . The glacier covers~2.5 km 2 (~6%) of the total catchment area (41.5 km 2 ) of the downstream glacierfed lake Grøndalsvatnet (see Section 2.2 below). Ålfotbreen ('Å' in Fig. 1C ) and Blåbreen ('B' in Fig. 1C ) are separated by a steep cliff in the area's tilted sedimentary Devonian bedrock (Bryhni and Lutro, 2000) . Because of the distinct steps in the landscape, along with the narrow hypsometry of Ålfotbreen (altitude range <600 m), the ice cap does not feature very prominent outlet glaciers. Two adjacent north-facing outlet glaciers named Ålfotbreen (4.0 km 2 ; not to be confused with the ice cap itself) and Hansebreen (2.8 km 2 ) have been subject to mass-balance studies since CE1963 and CE1986, respectively (Kjøllmoen, 2011) . During recent years the annual ELA has been raised above the highest elevation of the ice cap (>1382 m a.s.l.) several times (Kjøllmoen, 2011) . See Fig. 1 for an overview of the study area, and Fig. 2 for an overview of the narrow hypsometry of the two outlet glaciers mentioned above. From here on, the term 'Ålfotbreen' includes both outlet glaciers mentioned above, the two ice caps Blåbreen and Ålfotbreen as well as the surrounding ice patches, unless stated otherwise. Relative to area, Ålfotbreen has the largest annual mass turnover of the monitored glaciers in Norway, with the highest recorded values for both winter accumulation and summer ablation (Kjøllmoen, 2011) . For Ålfotbreen, winter accumulation is considered more important in determining its net mass balance than summer ablation (Nesje, 2005) , and a large gain in mass between CE1989-95 was mainly caused by high winter balance (Andreassen et al., 2005) . Despite the large mass turnover, Ålfotbreen is ranked as the most vulnerable glacier in Norway, mainly due to its narrow hypsometric distribution above the steady-state ELA (~200 m, Fig. 2 ), and it might therefore be one of the first glaciers to disappear completely in a warmer future climate (Nesje et al., 2008; Andreassen et al., 2012) . Inferences about past extent and fluctuations of Ålfotbreen have previously been published by Nesje et al. (1995) and Sønstegaard et al. (1999) ; however, neither of these studies obtained a complete Holocene glacial history. Nesje et al. (1995) focused on the late-Holocene glacier history and avalanche activity, whereas Sønstegaard et al. (1999) were targeting the deglaciation history of the area. As an isolated ice cap from the main Scandinavian ice sheet during the Younger Dryas (YD), Ålfotbreen obtained its maximum YD extent just before the deposition of the Vedde Ash Bed (Sønstegaard et al., 1999) . The further history of deglaciation and Holocene glacier variations has so far been poorly constrained for Ålfotbreen (Nesje, 2009 ).
The present climate of the study area is maritime with a mean CE1961-1990 summer temperature (Ts; 1 May-30 September) of 12.12 C (climate station 58070 Sandane, ca. 30 km east of Ålfotbreen; 51 m a.s.l.). Mean CE1961-1990 winter precipitation (Pw; 1 October e 30 April) at the 57680 Eikefjord climate station (ca. 20 km south-southwest of Ålfotbreen; 30 m a.s.l.) is 1677 mm (eKlima.no); and snow accumulations of up to 8e10 m during winter are not unusual at the top of Ålfotbreen (Andreassen et al., 2012) .
Catchment lakes and geomorphological setting
Lake Grøndalsvatnet (~0.27 km 2 ; N 61 41 0 , E05 34 0 ) is located Fig. 1 . Overview of the study area. A) Study site location in Scandinavia; B) Bathymetrical map of Grøndalsvatnet, showing coring sites and GPR profiles (water depth in m). Green asterisk marks coring location from Nesje et al. (1995) . Grey asterisk marks coring location for GRØP-112 (not analysed, see Section 4.1); C) Geomorphological map of the catchment area with coring sites marked in red; black solid line outlines the catchment limit. Upper left shows the area surrounding the ice cap. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) south of Ålfotbreen, at an elevation of 107 m a.s.l. Deep glacial troughs and steep cliffs characterize the surrounding catchment topography. The catchment is dominated by exposed bedrock, with unconsolidated sedimentary deposits being limited mainly to the large inlet delta in the northern end of the lake, a distinct colluvial fan along its western shore, and a moraine ridge close to the outlet (Fig. 1) . Vegetation cover is relatively dense across most of the colluvial fan, the moraine ridge, and the remaining till cover, up to an altitude of about 500e600 m a.s.l., whereas the inlet delta is covered by farmland. The main inlet is a river transporting meltwater from Ålfotbreen into the lake across the delta, although the meltwater needs to pass through the upstream lake Svartedalsvatnet (356 m a.s.l.) before reaching Grøndalsvatnet. This setting allows only relatively fine-grained glacial sediments to continue downstream to Grøndalsvatnet. Lake Støylsvatnet (~0.18 km 2 ; N 61 42 0 , E05 34 0 ) is also situated upstream from Grøndalsvatnet at an elevation of 345 m a.s.l., but this lake is part of a different catchment area and the lake is not fed by glacial meltwater from Ålfotbreen at present. A small river presently drains from Støylsvatnet into Grøndalsvatnet across the western end of the inlet delta. Apart from this, only three smaller creeks drain into the lake, all of which are orders of magnitude smaller than the main inlet. Støylsvatnet has probably received glacial meltwater from Ålfotbreen in the past when the ice cap covered a larger area, and Støylsvatnet was therefore targeted as a potential 'threshold lake' (e.g. Dahl et al., 2003; Briner et al., 2010) to constrain the timing of particularly large glacier advances; e.g. during the 'Little Ice Age' (LIA). A soft sediment map for Grøndalsvatnet is shown in Supplementary Fig. S1 , and a bathymetrical map of Støylsvatnet in Supplementary Fig. S2 .
Methods
A combination of geomorphological field mapping, studies of aerial photographs and available online data on superficial deposits from the Geological Survey of Norway (ngu.no) and the Norwegian Mapping Authority (norgeskart.no) form the basis for the data presented in the geomorphological map of the area (Fig. 1) . The reconstruction of Holocene glacier fluctuations at Ålfotbreen is based on a range of different laboratory analyses (see below) performed on the sediment cores obtained from the distal glacier-fed lake Grøndalsvatnet and the 'threshold lake' Støylsvatnet. The term 'threshold lake' is adapted from Briner et al. (2010) as a lake where the catchment area has been partly covered by advancing ice during certain periods, so that the non-glacial lake undergoes a transformation to a glacier-fed lake (without the lake basin being overridden by ice). As a result, the lake sediment fill consist of organic-rich sediments during periods where ice extent is relatively small (e.g. before the LIA), and minerogenic-rich sediments during periods of relatively large ice extent (e.g. during the LIA) (Briner et al., 2010) . A robust chronology has been established for the cores through AMS radiocarbon ( 14 C) dating of terrestrial macrofossils in combination with lead ( 210 Pb) ages obtained on the most recent sediments.
Geophysical survey and lake sediment coring
Prior to lake coring, combined echo sounding and ground penetrating radar (GPR) surveys of Lake Grøndalsvatnet were conducted in May 2012 to determine suitable coring sites. GPR profiles were collected using a RAMAC GPR from Malå with a 25 MHz RTA antenna in order to map the soft sediment thickness, whereas the bathymetry was measured with an echo sounder ( Fig. 1 and S1 ). Three cores; GRØP-112 (239 cm); GRØP-212 (243 cm); and GRØP-312 (212.5 cm), were retrieved from a raft using a modified piston corer with a 110 mm diameter core tube (Nesje, 1992) . The uppermost~10 cm of GRØP-312 were lost during coring. In order to recover the sediment-water interface, two short HTH (Renberg-type) gravity cores, GRØS-112 and GRØS-212, were collected adjacent to the GRØP-112 and GRØP-212 coring sites, respectively. In order to avoid disturbances from colluvial activity, mass-movement on the delta front, and any possible long-term effects of delta progradation, the main cores (GRØP-212/GRØS-212) were retrieved in a backwater area close to the lake outlet (Fig. 1) .
In June 2014, the threshold lake Støylsvatnet was cored to investigate recent glacier fluctuations in the area using 210 Pb dates for age estimation. Prior to coring, an echo sounder combined with the 'Dr Depth' software was used to record the bathymetry of the lake (Fig. S2 ). Two short cores; STØS-114 (30 cm) and STØS-214 (32 cm), were both collected using a UWITEC gravity coring device.
Laboratory analyses
The sediment cores were split lengthwise in the laboratory and one half of each core was stored for reference. Core surfaces were then carefully cleaned and photographed. Lithofacies and sedimentological structures and textures were described in detail before scanning and sub-sampling was initiated.
Geochemical data and radiographic images were obtained using an ITRAX x-ray fluorescence (XRF) Scanner (Croudace et al., 2006) in EARTHLAB, Department of Earth Science, University of Bergen. A molybdenum (Mo) x-ray tube was used for radiographic measurements, whereas XRF analyses were performed applying a chromium (Cr) tube, with a down-core resolution of 500 mm. Power settings of 30 kV and 35 mA were used with a 10 s counting time. Down-core variations in surface magnetic susceptibility (MS) were measured on the split cores at 0.2 cm resolution using a Bartington MS2E point sensor.
Standard procedures for estimating weight loss-on-ignition (LOI, %), dry bulk density (DBD, g/cm 3 ) and water content (WC, %) were followed (Dean, 1974; Heiri et al., 2001) , and the cores were sampled for this purpose every 0.5 cm (GRØP-212; n ¼ 486, GRØP-312; n ¼ 425, GRØS-212; n ¼ 59, STØS-214; n ¼ 64) using a syringe for fixed volume extraction (1 cm 3 ). The samples were weighed and dried overnight at 105 C before being weighed again for DBD and WC. Following subsequent ignition at 550 C for one hour, the samples were cooled in a desiccator and reweighed for LOI. Samples from minerogenic sections of GRØP-212 (n ¼ 38) were analysed for grain-size distribution. 6e8 g samples (wet weight) were extracted and stirred for two days in a 5% H 2 O 2 aqueous solution in order to remove possible organic bindings between grains. The samples were then stirred in a 0.05% Calgon (sodium hexametaphosphate) solution overnight. Finally, the material <63 mm was analysed using a Micromeritics Sedigraph 5100 and Mastertech 5.1 auto sampler. Each sample was analysed several times (five or six) and all of the runs were averaged in order to obtain the final grain-size distribution. The grain-size data were processed using the Gradistat v.8.0 software (Blott and Pye, 2001 ).
Chronology
A total of n ¼ 20 samples of wet sediments with an average weight of 8 g were extracted every cm from the top 20 cm of GRØS-212. The samples were freeze-dried and submitted for Am by direct gamma assay) at the Environmental Radioactivity Research Centre, University of Liverpool. The same procedure of freeze-drying was followed for the upper 12 cm of STØS-214, but here the sampling was done every 0.5 cm (n ¼ 24). 210 Pb ages obtained for GRØS-212 and STØS-214 are shown in Supplementary Tables S1 and S2 , respectively. A total of n ¼ 20 terrestrial macrofossil samples (e.g. leaves, twigs, fruits, and seeds) were extracted from GRØP-212 and GRØP-312 and submitted for accelerator mass spectrometry (AMS) radiocarbon dating at the Poznan Radiocarbon Laboratory in Poland (Table 1) . 1-cm sediment slices were extracted at selected depths and wet-sieved, after which plant macrofossils were handpicked and identified using a stereo microscope. Macrofossils were dried overnight at 50 C and placed in sterilized glass vials before submission to AMS dating. At the radiocarbon laboratory, macrofossils were chemically prepared with acid-alkali-acid in a three-step treatment (http://www.radiocarbon.pl/).
Age-depth models were constructed using the 'clam' source code from Blaauw (2010) , applied in the open-source statistical software 'R' (R Development Core Team, 2012) . Radiocarbon ages are reported in calibrated radiocarbon years before present (cal yr BP; BP ¼ 1950) and Common Era (CE). Several samples contained less than 1 mg of carbon (Poz-54061; Poz-54062; Poz-54066; Poz-54068; Poz-54070; Poz-54074; see Table 1 ) and a number of these were not included for modelling of the age-depth relationship (see Section 4.4).
Principal Component Analysis
The multivariate sedimentary data sets from GRØP-212 and GRØP-312 were explored using Principal Component Analysis (PCA) in order to detect patterns of shared variability between the measured proxies (e.g. Syms, 2008) . Because PCA assumes linearity between the analysed variables (e.g. Bakke et al., 2013) , the relationship between all variables in the dataset were examined individually using biplots and regression analysis to see whether any data transformation was needed before running the PCA. A logarithmic relationship was found between LOI and the other data, and LOI was therefore Log-transformed before analysis. The entire dataset was then standardized before running the PCA in the software Canoco for Windows (v. 4.5) (Lep s and Smilauer, 2003) .
In total, 11 variables were included in the PCA from both cores GRØP-212 and GRØP-312. In addition to the physical proxies DBD, LogLOI, and MS, geochemical elements that are commonly sensitive to changes in detrital input (Si, Ti, K, and Ca; e.g. Bakke et al. (2010) ), redox processes (Fe and Mn; e.g. Naeher et al. (2013)), and grainsize (Rb and Sr; e.g. Vasskog et al. (2012) ) were added into the analysis.
Instrumental meteorological data and mass-balance modelling
In order to reconstruct continuous ELA changes from distal glacier-fed lake sediments, the sediment parameters need to be calibrated against periods when the ELA is known or can be inferred. This calibration is commonly obtained using moraine ridges of known age Bakke et al., 2010) , but this approach cannot be applied here as there are no observed distinct lateHolocene/LIA moraine ridges around Ålfotbreen. However, ELA measurements are available for Ålfotbreen (the outlet glacier) between CE1963 and CE2010 (Kjøllmoen, 2011) , and this record can be extended by modelling the ELA using instrumental meteorological data. Nordli et al. (2005) applied a stepwise multiple regression and found that a combination of two atmospheric indices; the wintertime westerly geostrophic wind component (uw) and the summertime southerly shear vorticity (x v s), was able to predict the ELA at Ålfotbreen with relatively high precision (Pearson's correlation coefficient, r ¼ 0.72). These indices can be calculated from mean sea-level pressure (MSLP) data that are available back to CE1781 for northern Europe (Jones et al., 1999) . However, some of the summertime MSLP data used in calculation of the shear vorticity index are not considered to be robust beyond CE1850 (Jones et al., 1999) , and this index does not seem to capture long-term trends in summer temperature very well. However, over decadal timescales, summer temperatures along the west coast of Norway are strongly correlated with North Atlantic sea surface temperatures (r ¼ 0.88) ( Supplementary Fig. S3 ), and we therefore tested a reconstruction of the Atlantic Multidecadal Oscillation (AMO) (Mann et al., 2009) as an alternative predictor of summer ablation in our ELA model, and this resulted in a better fit (r ¼ 0.77, R 2 ¼ 0.59) with measured ELA than the model from Nordli et al. (2005) . Thus, the ELA model employed here uses wintertime geostrophic wind (uw) (Nordli et al., 2005) and AMO temperature anomalies (Mann et al., 2009) as predictors, and is expressed as: Table 1 Radiocarbon dates obtained for GRØP-212 and GRØP-312. Calibrated ages obtained using 'clam' (Blaauw, 2010) . Samples marked* were rejected for the age-depth modelling in 'clam'. 
Quantifying winter precipitation
We use the approach presented by Dahl and Nesje (1996) for reconstructing winter precipitation (Pw), which is based on the close empirical relationship between mean ablation-season (1 May to 30 September) temperature (Ts) and Pw at the ELA of Norwegian glaciers; i.e. the 'Liestøl equation' (Sissons, 1979; Sutherland, 1984; Ballantyne, 1989) . This relationship is expressed by the regression equation:
where Pw is meters of water equivalents and Ts is the mean ablation season (summer) temperature at the ELA in C. This implies that if the mean summer temperature at the ELA is measured/ reconstructed, the mean winter precipitation can be calculated.
Using an environmental lapse rate of 0.65 C/100 m as in Sutherland (1984) and Oerlemans (1992) , this gives a mean summer temperature (Ts) of 4.77 C at the present steady-state ELA of Ålfotbreen at 1182 m a.s.l. (obtained through linear regression of net mass balance against measured ELAs for the period CE1963-2010, c.f. Fig. 2 ). Using Eq. (2), we find that the Pw required to balance summer ablation at the steady-state ELA is~4.61 m. This procedure can be used to reconstruct past Pw at the ELA by combining a continuous ELA reconstruction with an independent temperature record (e.g. Dahl and Nesje, 1996; Bjune et al., 2005) . Finally, winter precipitation can be calculated for a fixed altitude (e.g. sea level) by accounting for fluctuations in the ELA using the observed exponential increase in Pw with altitude of 8%/100 m in southern Norway (Haakensen, 1989) .
Results
Lithostratigraphy
Core GRØP-112 (N61.68948 E5.56832; water depth: 39 m) was retrieved from the middle part of the Grøndalsvatnet basin, corresponding to the approximate location of the core studied by Nesje et al. (1995) (Fig. 1) . Like Nesje et al. we found that the lacustrine stratigraphy at this site is dominated by rapidly deposited layers (e.g. avalanche-, flood-or debris-flow deposits); most likely introduced to the basin from a large alluvial fan west of the lake; and the core was therefore not considered for further analyses. Cores GRØP-212 (N61.68665 E5.57280; water depth: 12 m) and GRØP-312 (N61.68543 E5.56881; water depth: 5 m) were collected from the south-eastern parts of the lake, where the risk of disturbances from floods and colluvial events was considered to be lower and the distance to the main inlet is larger. The description of lithostratigraphy (below) refers to GRØP-212, because a hiatus in indicates that this core is missing a large part of the lower sediments (i.e. lithostratigraphic units B; C; D; and parts of unit E; see below). The lithostratigraphic division of the core into nine units, A-I, is based on visual logging. A correlation was made between all cores based on XRF Ti count rates (Fig. 3) , as this parameter distinguishes well the different sedimentary units.
Unit A (206e243 cm) consists of grey clayey-and silty-, highlyminerogenic sediments. The unit is massive and comprises varying grain sizes ranging from clay to fine sand. Thin (<0.5 cm) horizons with visible plant remains are relatively frequent, and a prominent horizon was sampled for radiocarbon dating . DBD values are generally very high; decreasing upwards in the unit from 1.47 to 0.47 g/cm 3 and averaging at 0.98 g/cm 3 . The opposite trend is observed for LOI, which increases from values around 5% in the lower part up to more than 9% in the topmost part of unit A, reflecting an increase in organic content. Unit B (187e206 cm) consists of very dark greyish brown silty gyttja with lighter-coloured laminations that gradually becomes weaker upwards. DBD is relatively stable (around 0.5 g/cm 3 ), whereas LOI shows greater variability and an increasing trend (from~7 to~12%). An erosional contact marks the transition to unit C.
Unit C (178e187 cm) consists of greyish brown, chaotic, clayeyand silty minerogenic sediments in the lower part, and contains angular clasts up to~0.5 cm diameter. The lower section of the unit (181e187 cm) is massive and can be distinguished both visually and in X-ray images (cf. Fig. 4) . From 180 to 181 cm the sediments consist of laminated greyish-brown, silty gyttja, and from 178 to 180 cm it is characterized by a very dark brown, highly organic horizon rich in terrestrial plant remains. Unit C has a distinct development from highly minerogenic in the lower part (DBD ¼~1.0 g/cm 3 ; LOI ¼~4%) to highly organic in the upper part (DBD ¼~0.4 g/cm 3 ; LOI ¼~22%). The lower section of the unit (181e187 cm) is interpreted to have been deposited rapidly. The erosional contact at the base, the stirred appearance of the sediments, and the angular morphology of the grains suggest that this may be an avalanche deposit. The upper section of the unit, 178e180 cm, is interpreted to represent a flood event delivering organic detritus from the catchment area to the lake. Unit D (172e178 cm) consists of very dark, greyish-brown silty gyttja with lighter-coloured laminations. The unit is characterised by a peak in all parameters except LOI, which decreases to a minimum of~8% in this unit. X-ray images show that the sediments are relatively dense, which is also reflected in relatively high DBD values (~0.5e0.7 g/cm 3 ). The percentage of fine silt shows a distinct peak, rising from~20 to 40% before decreasing again towards the top of the unit. Unit E (40.5e172 cm) consists of very dark brown to olive brown gyttja with lighter-coloured laminations. The section from 120 to 130 cm has a lighter colour with more frequent laminations, and Xray imagery shows that the sediments in that section are relatively dense compared to the sediments above and below. DBD values remain low and stable throughout the unit; with values averaging 0.4 g/cm 3 . LOI shows greater variability than DBD throughout unit E, fluctuating between~12 and 21%, with the trend gently increasing. A dark brown horizon consisting mainly of plant remains is observed from 43.5 to 46 cm depth, and this section is interpreted to represent a flood event. Unit F (27e40.5 cm) consists of dark, greyish-brown silty gyttja, and is largely a transitional unit from organic sediments at the base to more minerogenic sediments in the top. DBD increases from~0.4 to a maximum of~0.6 g/cm 3 through the unit, reflecting an increasing density that can also be seen in the radiographic images, while LOI decreases from~13 to~6%. Lighter-coloured laminations also increase in frequency upwards. Unit G (22e27 cm) consists of olive brown silty gyttja that is slightly more organic than the underlying unit. DBD drops to an average of~0.5 g/cm 3 and LOI increases to an average of~9%.
Unit H (6e22 cm) consists of greyish brown, slightly organic, clayey silt. Several distinct peaks in DBD of up to~1.0 g/cm 3 can be seen, and together with a colour change of the sediment this indicates a shift in the depositional environment. LOI shows an opposite pattern of DBD, with values averaging at 5%. A dark, organic-rich horizon with LOI up to~9% is seen from 8 to 10.5 cm, which consists predominantly of plant remains. This is interpreted to represent a layer of instantaneous deposition, most likely a flood event.
Unit I (0e6 cm) consists of very dark, greyish-brown silty gyttja. DBD lowers to an average value of~0.5 g/cm 3 , and LOI increases tõ 7% on average. In previous studies (e.g. Nesje et al., 2007; Vasskog et al., 2011) , river flood deposits have been characterised by their brown colour, high-organic content, and large amount of terrestrial plant macrofossils, whereas horizons containing clasts >1 mm are interpreted as snow-avalanche deposits. Based on these criteria, the specific horizons !1 cm that have been interpreted as layers representing flood events and avalanche deposits (i.e. 'instantaneous' deposition, see Fig. 4 ) were omitted from the age-depth relationship modelling and further discussion of the results.
Magnetic susceptibility
In general, MS values in GRØP-212, GRØP-312, GRØS-212 and STØS-214 are quite low; on average 9; 8; 13 and 3 (Si 10 À5 ),
respectively. Because the bedrock in the catchment area consists of sandstones and conglomerates it contains a large proportion of the diamagnetic mineral quartz (SiO 2 ), which will return a net negative magnetic moment when subjected to a magnetic field (Sandgren and Snowball, 2001 ). This might explain the relatively low surface MS signal in the cores; but nevertheless, the main trends in MS seem to co-vary with the other indicators of detrital input (e.g. DBD and XRF Ti count rates, see Fig. 4A and B).
Geochemistry
Most of the geochemical elements included in this study show similar trends to that of Ti. Notable exceptions are the redoxsensitive elements Fe and Mn, which reflect a different pattern of variability than the other geochemical proxies in unit E of GRØP-212. On the other hand, Fe co-varies with the other geochemical proxies in GRØP-312, whereas Mn differs strongly throughout most of that core (see Section 4.5 for a closer description). See Fig. 4 for a compilation of selected physical and geochemical variables from cores GRØP-212 and GRØP-312, where event layers are highlighted in brown.
Age-depth relationships
Chronologies have been established for both piston cores from Grøndalsvatnet (GRØP-212 and GRØP-312) based on AMS radiocarbon ages and 210 Pb ages transferred from GRØS-212 through visual correlation based on the measured physical and geochemical proxies (see Table 1 for radiocarbon ages; Table S1 for 210 Pb ages).
Age-depth relationships produced in 'clam ' (v. 2.2; Blaauw (2010) ), using the IntCal13 calibration curve from Reimer et al. (2013) , are shown for cores GRØP-212 and GRØP-312 in Fig. 5A and B, respectively. Ages are not extrapolated beyond the lowermost dated depths (GRØP-212: 230.5 cm; GRØP-312: 156.5 cm). Outliers that showed inverted or future ages were omitted from the agedepth relationships and are shown in red in the figures. In Fig. 5C , the 210 Pb age profile for GRØS-212 is shown with a dark grey shading marking a ± 8.5 year uncertainty, which is added here because 137 Cs peaks indicates that up to~1 cm of the uppermost sediment may have been lost during coring (1 cm ¼~17 years), while the additional light grey shading marks the regular laboratory uncertainty of the 210 Pb measurements. An independent agedepth relationship was also constructed for STØS-214 using 210 Pb (Fig. S4 , see Table S2 for 210 Pb ages). A composite age-model for GRØS-212 was constructed, where ages below the 210 Pb dates were obtained by tuning the GRØS-212 Ti record against the radiocarbon dated GRØP-212 (Fig. 5D ). This age-depth relationship is the one used for calibrating the lake sediment data against the ELA-model and in the reconstructions of Neoglacial ELA and winter precipitation (see Sections 4.7 And 4.8).
Principal Component Analysis
For both GRØP-212 and GRØP-312 the PCA returned only one significant Principal Component (PC) axis that explains 88 and 83%, respectively, of the total variance in the datasets (Supplementary  Table S3 ). In both cores the first PC axis captures well the variability of LogLOI, DBD, MS, Ti, K, Ca, Si, Rb, and Sr (Fig. 6) . These variables are all strongly correlated, with LOI being inversely correlated to the others. Fe and Mn show a somewhat different pattern of variability than the other geochemical proxies in GRØP-212, and this difference is captured by the second PC axis (Table S3) . While the second PC axis is not significant in this analysis, this does not necessarily mean that the PCA2 signal is not related to an underlying causal process. It does, however, indicate that this signal is much weaker than the main pattern of variability in the dataset (represented by PC axis 1), and that Fe and Mn are also strongly affected by this main signal as reflected in their relatively high scores along PC axis 1 (Table S3 ). In GRØP-312, which covers a shorter time period than GRØP-212 (c.f. Section 4.4), Fe has a very similar variability to that of all the other geochemical proxies, whereas Mn differs strongly with most of its variability captured by PC axis 2. Down-core PCA1 scores for GRØP-212 and GRØP-312 are shown compared to standardized values of all analysed variables in Fig. 6. 
Grain-size analyses
Grain-size analyses were performed for selected intervals of GRØP-212 based on time periods of specific interest (and minerogenic content), which included the Neoglacial period and the '8.2 ka BP Event'/Finse Event. Additionally, the high organic content in unit E makes it less suitable for grain-size analyses, as this makes it more challenging to remove all organic material during pre-treatment. Grain-size variations can indicate changes in the amount of glacially eroded rock flour washed into the lake, and in particular, silt fractions can indicate abrasive glacier activity of temperate glaciers Matthews et al., 2000; Nesje et al., 2001; Lie et al., 2004) . Of the different grain-size classes, fine silt was found to have the highest co-variance with other indicators of detrital input in GRØP-212 (Fig. 4A) .
Calibration of lake record against instrumental data and equilibrium-line altitude reconstructions
We determined the onset of the local Neoglacial based on variations along PC axis 1 in core GRØP-212 where the trend turns towards increased glacial input at 1400 cal yr BP, and reflects maximum Neoglacial expansion during the LIA (CE1300-1900). In order to reconstruct ELA variations from the lake sediment record, it needs to be calibrated against periods of known or inferred ELA variations. Because moraines are lacking around Ålfotbreen, we applied an ELA model driven by AMO temperature anomalies (Mann et al., 2009 ) and an index of wintertime westerly geostrophic winds (Nordli et al., 2005 ) (c.f. Section 3.5). The ELA model could be extended to CE1781 using these data and applied to calibrate the dated lake sediment record covering the same period. In order to get as high temporal resolution as possible, it was desirable to use the ITRAX XRF data for this purpose, and from the PCA it is evident that the elements Ti, Si, K, and Ca all reflect detrital input to the lake, and during the Neoglacial this is inferred to have been driven mainly by glacier activity. Because Ti is insensitive to redox processes (e.g. Croudace et al., 2006) and has previously been shown as a good indicator of glacier erosion (Bakke et al., 2009; Wittmeier et al., 2015) , we have used Ti count rates as a glacier proxy, and for the purpose of calibration against modelled ELA, we used the most robustly dated Ti record from GRØS-212. It is expected that the glacier signal captured in the sediments of a distal glacier-fed lake will appear smoothed and lagging behind changes in the upstream glacier's ELA due to the response time of the glacier itself and dynamics of the downstream sedimentary system. We performed an autocorrelation between modelled ELA changes and the lake Ti record using Analyseries (Paillard et al., 1996) , and obtained the best fit when a lag of 14 years is introduced in the lake record. This lag is within the 210 Pb dating uncertainty (Fig. 5C) before~CE1930, whereas in the most recent part of the Ti record an actual lag (i.e. outside the 210 Pb uncertainty range) of up to 4.5 years is required to obtain the maximum fit with the ELA model (Fig. 7) . A simple linear regression model was constructed between modelled ELA changes and the Ti record from the GRØS-212 core (Fig. 7) . Below the lowermost 210 Pb-date in GRØS-212 we tuned the agemodel to the 14 C-dated GRØP-212 using the Ti record, and thus extended the ELA reconstruction to the base of GRØS-212 (Fig. 5D ). Beyond this point we applied the same regression model to Ti counts from GRØP-212, although this makes the ELA reconstruction less reliable for this interval because the variability in Ti-counts is slightly different in GRØP-212 than in GRØS-212.
Winter precipitation reconstructions
In order to reconstruct winter precipitation from our reconstructed ELA record, an independent record of summer temperature is needed (c.f. Liestøl in: Sissons, 1979) . For this purpose we have calibrated the AMO reconstruction from Mann et al. (2009) against the instrumental summer temperature record in Bergen (using linear regression; R 2 ¼ 0.78) and adjusted it for the slight difference in summer temperature (0.15 C, based on the CE1961-1990 normal period) between Bergen and Sandane (located 30 km east of Ålfotbreen) (Fig. S3 ). This gives a reconstruction of representative summer temperature for Sandane (Fig. 8 A) , which can be used to calculate corresponding temperatures at the changing elevation of the reconstructed ELA of Ålfotbreen (Fig. 8 B) using a lapse rate of 0.65 C/100 m. Based on the 'Liestøl equation' (eq. (2)), we can then reconstruct winter precipitation (Pw) at the ELA for the entire interval covered by the ELA reconstruction, and finally, the Pw can be adjusted from the variable ELA to a fixed altitude, in this case sea level, using a precipitation reduction of 8%/ 100 m (c.f. Section 3.6). The reconstructed Pw at sea level is shown in percentage of the modern value (1.7 m water equivalents) in Fig. 8C . Note that both our ELA reconstruction and the temperature record based on the Mann et al. (2009) AMO reconstruction were resampled to a common temporal resolution of 10 years before being used in reconstruction of Pw. While the original AMO reconstruction is available in annual resolution, it does include proxy records that are not annually resolved and the authors of that study state that variability below decadal scales may not necessarily reflect a meaningful climate signal (Mann et al., 2009) . Similarly, we assume that due to the response time of the glacier and downstream sedimentary system, the Ti record from Grøndalsvatnet is probably not able to resolve glacier fluctuations below decadal scales. The central estimates of our reconstructed winter precipitation (Fig. 8C) vary between approximately 55% and 150% of present-day values. Note that the width of the 95% and 68% confidence bands vary between 15% and 115%, and 7%e60%, respectively (see Section 5.3 for discussion of uncertainties). This range of variability in decadal-scale precipitation over the last~1400 years does not seem unlikely; as a comparison the 10-year average precipitation in Bergen increased from 85% to 125% of the CE1961-1990 mean in the period between CE1960 and CE1995 (data: Norwegian Meteorological Institute; eklima.met.no).
Discussion
The main objective of this study has been to reconstruct Holocene glacier fluctuations and convert sediment parameters into a quantitative ELA reconstruction that could be further used to calculate past winter precipitation at the Ålfotbreen ice cap. In the following discussion we first assess the utilization of lake sediments for this purpose, and the methodologies applied are evaluated. Second, the results are discussed; first in a broad, Holocene climatic context; and thereafter in the context of Neoglacial ELA variations and winter precipitation. Finally, the results are discussed and compared with relevant climate records from the North Atlantic region, and implications regarding climatic forcing of the Ålfotbreen record are assessed.
Interpretation and application of lake sediments
While lake sediments are valuable palaeoclimatic archives, it is important to be aware of potential sources of error when interpreting these records in a climatic context . Instantaneously deposited layers are important to exclude from age-depth modelling, as they might produce erroneous ages and perturb the accumulation rates that result from the age-depth relationship (Rubensdotter and Rosqvist, 2009 ). As discussed in Section 4.1, we omitted all identified event layers before age-depth relationships were established. Additionally, another possible source of error when studying lake sediments; and in particular proglacial lake sediments, is reworking of older glacigenic sediments (Ballantyne, 2002; Carrivick and Tweed, 2013) . However, for small catchments this 'paraglacial' effect will be most significant for a relatively short time period after deglaciation. Provenance studies also indicate that magnetic and geochemical properties of older glacial deposits change over time due to weathering and soil formation (e.g. Vasskog et al., 2012; Wittmeier et al., 2015) . Due to the resistant, acidic bedrock in the area (sandstones/conglomerates) superficial deposits are scarce and covered by vegetation in the few places where it is found (mainly the inlet delta and the colluvial fan), meaning that there is generally very little unconsolidated material of non-glacial origin available for erosion in the catchment of Grøndalsvatnet. Input of glacial sediments should therefore, due to the highly effective nature of glacial erosion, be able to dominate the minerogenic sedimentation budget in Grøndalsvatnet when Ålfotbreen is present. Human activities could possibly cause a bias in minerogenic sedimentation, e.g. due to forest clearance and establishment of farmland (e.g. Augustsson et al., 2013) . Such effects are difficult to quantify, however, and here we attempt to take such potential biases into account by including a wide confidence range in our final results, as discussed further in Sections 5.2.2 and 5.2.3.
The high correspondence between most of the geochemical elements and the common indicators of detrital input; LogLOI (inverse), MS, and DBD; indicates that the main signal recorded by PC axis 1 in the cores from Grøndalsvatnet reflects the balance between minerogenic and organic content (and water content) in the sediment. This balance is mainly controlled by detrital input from the catchment on one side, and a combination of input of organic detritus from the catchment and organic productivity within the lake itself on the other. These factors may vary independently over time due to e.g. changes in climate and vegetation (input of organic detritus), lake trophic state (internal organic production), or sediment availability (detrital input). The only elements showing signals significantly different from the one captured by PCA1 are Fe and Mn, and this may be explained by their susceptibility to redox processes, both in the catchment or within the lake (Davison, 1993; Naeher et al., 2013) . Because of the sparse sedimentary cover in the catchment area, we argue that when the Ålfotbreen ice cap is present, it will probably provide a significant part of the minerogenic input to Grøndalsvatnet through glacial erosion and downstream transport of the resulting glacial flour. Fe and Mn has a higher co-variability with the other parameters from 10,000e7500 cal yr BP and after 1400 cal yr BP in GRØP-212 (Fig. 6) . A possible interpretation of this pattern is that increased input of minerogenic material from the glacier will also overprint the effect of redox processes on the deposition of Fe and Mn when the glacier is present.
In all, we conclude that the PCA1 signal reflects detrital input to Grøndalsvatnet, and may thus also give an indication of when the Ålfotbreen glacier has been present in the catchment (Fig. 6) . Following deglaciation (~10,100e~9700 cal yr BP) we observe distinct phases of increased PCA1 values centred around 8200 cal yr BP and 5300 cal yr BP, in addition to the period from~1400 cal yr BP (CE550) until present. The distinct reversal of the PCA1 trend at 1400 cal yr BP is interpreted as the onset of the Neoglacial period in the study area, after which the glacier has most likely existed continuously until the present. It is not possible to determine for certain from our data whether the glacier was completely melted away during the periods of reduced minerogenic input or just strongly reduced in size (see Section 5.2.1). Furthermore, from relative variations in the sedimentary signal within the Neoglacial, we conclude that the LIA lasted from~650 cal yr BP (CE1300) until 50 cal yr BP (CE1900) at Ålfotbreen, with a pronounced glacial maximum between~400 and 200 cal yr BP (CE1550-1750).
From the age-depth relationships (Fig. 5) , and correlation between the cores (Fig. 3) , it is apparent that GRØP-212 and GRØP-312 have quite large differences (one order of magnitude) in sediment accumulation rates. The main sedimentary signal recorded by the two cores are very similar over the past~2300 years (Fig. 6) ; however, the lower-resolution data from the GRØP-212 coring site was preferred for the further analysis because it covers a longer continuous time period (without any hiatus), and because the 210 Pb dating of the upper part of the record allows calibration against instrumental data at this coring site (Section 4.7). By correlating variations in XRF Ti counts, we found that the lowermost 210 Pb date from GRØS-212 corresponds to the very top of GRØP-212, where some sediment was lost during coring. The obtained 210 Pb dates from the Støylsvatnet core (STØS-214) do not cover the LIA, but the near linear sedimentation rate determined for the upper 6.5 cm may be extrapolated with some confidence down to the strong increase in Ti counts at~12 cm. Below this level the peaks in Ti counts indicate an increased detrital input and thus most probably increased sedimentation rates, and these peaks have been correlated to the Ti record in GRØS-212 and GRØP-212 (Fig. 3) . We infer that the small ice patch southwest of Blåbreen that currently drains into Svartedalsvatnet must have expanded into the catchment of Støylsvatnet (Fig. 1) at the time represented by these Ti-peaks, and conclude that it was probably retreating from its maximum LIA position at 12 cm depth in the STØS-214 core, which corresponds to approximately CE1720 (Supplementary Fig. S4B ).
Holocene glacier fluctuations at Ålfotbreen
5.2.1. Glacier fluctuations in the early to mid-Holocene Fig. 9 shows the reconstructed relative Holocene glacier variations of Ålfotbreen, as represented by the PCA1 record from core GRØP-212, compared with relevant proxy records from the North Atlantic region.
The timing of deglaciation for Ålfotbreen is concurrent with the end of the 'Erdalen Event II' (e.g. Nesje et al., 2008; Nesje, 2009 ); a period with glacier advance at Jostedalsbreen, interpreted as a response to colder temperatures around 9700 cal yr BP (Dahl et al., 2002) . Weakening laminations upwards in Unit B might reflect a decreasing influx of glacially-eroded sediments, or reworking of paraglacial sediments following this glacier event. If the deglaciation of Ålfotbreen occurred after the 'Erdalen Event II', this shows a regional consistency and coeval glacier retreat in the region encompassing Ålfotbreen and Jostedalsbreen ice caps. Centred around 8200 cal yr BP, there is a marked increase in minerogenic input (Fig. 9E) ; synchronous with the timing of the '8.2 ka BP Event' recorded in ice cores from Greenland (Fig. 9A) Vinther et al., 2006) , known as the 'Finse event' in Norway (Nesje and Dahl, 1991; Dahl and Nesje, 1994; Nesje et al., 2008; Nesje, 2009) , and a cooling seen in reconstructed July temperature at the nearby Kråkenes site ( Fig. 9D ; Sylvia M. Peglar and H.J.B. Birks unpublished data). Hormes et al. (2009) found Fig. 9 . Comparison of reconstructed Holocene glacial activity of E) Ålfotbreen (PCA1; this study) with oxygen isotope records from A) NGRIP Vinther et al., 2006) ; B) June insolation curve for 60 N (Berger and Loutre, 1991) ; C) Foraminiferal SST oxygen isotope records from the Norwegian Margin (Sejrup et al., 2011) ; and D) Kråkenes July Temperature ( C) (Sylvia M. Peglar and H.J.B. Birks, unpublished data). Proxy data are plotted according to latitude with increasing latitude upwards. Light blue shaded areas mark times of possible glacier advances that are discussed in Section 5.2.1, including onset of the Neoglacial at Ålfotbreen. Yellow shaded area marks the Medieval Climatic Anomaly (MCA; 1000e700 cal yr BP), and darker blue shaded area marks the LIA (600e100 cal yr BP); definitions of MCA and LIA from IPCC (2013) and Solomina et al. (2015) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) three glacial events recorded in Nedre Hervavatnet in Sognefjell, western Norway, at 9200, 8600 and 8200 cal yr BP superimposed on a long-term glacier retreat between 9700 and 8000 cal yr BP. It seems likely that the increased input of minerogenic material to Grøndalsvatnet around 8200 cal yr BP might reflect an advance of the Ålfotbreen glacier initiated by colder conditions, or possibly the glacier reformed during this period after having been absent for~1500 years after deglaciation. See Supplementary Fig. S5 for a comparison of the Ålfotbreen record with NGRIP oxygen isotopes and LOI (i.e., inverted glacier activity) records from Norway from 9500 to 6000 cal yr BP.
From~8200 to~5400 cal yr BP, the minerogenic input to Grøndalsvatnet fluctuates, but it is not possible to conclude whether this is related to glacier variability or if the glacier had melted away and the observed fluctuations simply reflect variations in the influx of paraglacial or non-glacial detrital material and organic input/internal productivity in the lake. From~5400 to 5100 cal yr BP, a relatively strong increase in detrital input is recognized in the record (Fig. 9E) , and we suggest that this reflects a period of glacier advance for Ålfotbreen. Following the possible glacier events centred around 8200 and 5300 cal yr BP, the minerogenic content of the core decreases until~1400 cal yr BP. We suggest that the most likely explanation for the reversal of this trend around 1400 cal yr BP is due to the glacier reforming at the onset of the Neoglacial.
Neoglacial and 'Little Ice Age' variations in equilibrium-line altitude
In Fig. 10 we present the reconstructed high-resolution Neoglacial ELA variations at Ålfotbreen compared with glacier records from Norway and Svalbard, in a south-to-north transect and reconstructed AMO temperature anomalies. Our composite (GRØS-212 and GRØP-212) reconstructed ELA curve suggests that Ålfotbreen could have formed around CE750 (1400 cal yr BP) when the reconstructed ELA is lowered below the top of the present day glacier, and that it may have reached an extent similar to today's around CE1125 (825 cal yr BP) (Fig. 10E) . During the LIA maximum (~CE1550-1750), our reconstruction suggests an ELA lowering of~200 m relative to the present steady-state ELA at 1180 m. Interestingly, we observe that the LIA maximum extent period of the individual ice caps/glaciers seems to occur progressively later as we move northwards along the Norwegian coast (indicated by stippled line in Fig. 10 ). Potential climatic implications of this are discussed in Section 5.4.2.
Past winter precipitation at Ålfotbreen
A proper quantification of the uncertainties in the reconstructed Pw is hard to obtain. For instance, we do not have any quantitative measurement errors for the ITRAX XRF data used in the ELA reconstruction, and there are several potential biases in our record that are hard to quantify, e.g. the effect of forest clearance by humans and changes in land use on the delta plain over the calibration period of our ELA reconstruction, and general changes in input of non-glacial minerogenic material. Instead of a quantitative measure of uncertainty, we therefore present the 95% confidence bands in our ELA reconstruction, as calculated for the linear regression model between Ti counts and modelled ELA (Fig. 8) . Mann et al. (2009) estimated 95% uncertainty intervals for their AMO reconstruction, and we have transferred these directly to our reconstructed Sandane temperature record without adding any additional uncertainty arising from the regression procedure against the instrumental temperatures ( Supplementary Fig. S3 ). The final Pw reconstruction is therefore presented with a light shaded band showing the maximum and minimum estimates obtained using the 95% uncertainty interval of the temperature reconstruction and the 95% confidence bands of the ELA reconstruction, and a darker shading to indicate the combined 68% confidence bands (Fig. 8) . From CE1860 until present the AMO values are based on instrumental data and for this interval we do not use any uncertainty in temperature. We therefore stress that the final confidence bands shown in Fig. 8C do not represent quantitative uncertainty estimates, but it gives some impression of how confident we can be in interpreting changes in the final reconstructed Pw at different times. Regarding age uncertainties, the age control of the youngest (younger than~CE1850) time period is based on 210 Pb ages which yield an uncertainty of~±10 years. Before~CE1850, the radiocarbon age uncertainties are ranging from ±10e100 years, increasing with age down-core.
Comparing reconstructed winter precipitation at Ålfotbreen with records from ice caps in SW Norway
The extreme maritime setting of Ålfotbreen makes reconstructions of past glacier fluctuations and precipitation from this ice cap interesting with respect to how maritime glaciers will respond to projected future increases in both summer temperature and winter precipitation. Precipitation is projected to increase with global rise in temperatures, but this increase is very unlikely to compensate for the effect of increasing temperatures on glacier mass balance (IPCC, 2013) . Because~80% of the net mass balance of Ålfotbreen is presently controlled by (accumulation-season) precipitation (Bn/Bw: R 2 ¼ 0.76; Nesje et al. (2000a) ), it is interesting to investigate if this relationship holds true also for the past. By doing a simple regression analysis, we find that the Sandane summer temperature record (based on AMO temperature anomalies) explains 32% of the variability in our reconstructed ELA record (R 2 ¼ 0.32). By default, the reconstructed Pw record will then explain the remaining 68% (R 2 ¼ 0.68), as it is a direct function of the summer temperature and ELA (c.f. the 'Liestøl equation'). It should be noted that the AMO is used as a predictor in the ELA model that was used to transform our Ti measurements to ELA. However, because the transformation is simply linear, it will not serve to falsely increase the correlation between reconstructed ELA and the AMO record (i.e. a correlation against uncalibrated Ti counts will give the same result). Doing a similar analysis of measured mass-balance and ELA on Ålfotbreen between CE1963 and 2010 we find that ablation-season mass-balance explains~40% of variations in the ELA and winter balance explains~60%. However, the relative importance of winter and summer balance might change over longer timescales (Trachsel and Nesje, 2015) , and we are not able to distinguish any such temporal changes from our reconstruction.
As shown in Fig. 11A , the latest half of our high-resolution dataset of reconstructed Pw (CE550-1980) at Ålfotbreen shows a high degree of similarity with Pw reconstructions at other (maritime) glaciers in SW Norway. The highest degree of covariance is found with the Folgefonna record , which is expected, as this record is also highly influenced by maritime conditions and the strength and position of the westerlies. Due to the higher resolution of our record, it is not possible to correlate decadal-scale Pw fluctuations with the other records, but the main trends are similar from~CE1300 until present. Before CE1300, there is a large discrepancy in the main trend of our record compared to the other Pw records. Part of this difference may be explained by the fact that precipitation reconstructions based on the 'Liestøl equation' are very sensitive to differences in the temperature records applied, as shown in Fig. 10 . Neoglacial ELA variations at Ålfotbreen (E; this study) compared with A) ELA variations at Karlbreen, NW Svalbard (Røthe et al., 2015) ; B) Relative glacier activity at Langfjordjøkelen, Arctic Norway (Wittmeier et al., 2015) ; C) ELA variations at Okstindan, Northern Norway (Bakke et al., 2010) ; D) Relative glacier activity at Jostedalsbreen, Western Norway (Vasskog et al., 2012) ; F) ELA variations at Folgefonna, SW Norway ; and G) Reconstructed AMO temperature anomalies (Mann et al., 2009 ). Ålfotbreen ELA variations are shown with 95% confidence bands. Light blue shaded vertical area marks the LIA at Ålfotbreen (~650e50 cal yr BP); yellow shaded vertical area marks the MCA (~1000e700 cal yr BP) (following definitions in: IPCC, 2013; Solomina et al., 2015) . Light grey shaded vertical area marks the maximum LIA extent at Ålfotbreen (~400e200 cal yr BP). In Supplementary Fig. S6 a similar compilation covering the entire Holocene is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Bjune et al. (2005) . The pollen record from Vestre Øykjamyrtjørn, which was implemented in the studies from Jostedalsbreen, Folgefonna and Hardangerjøkulen, shows remarkably stable temperatures over the last 4000 years (Bjune et al., 2005) , where many other Norwegian records reflect a cooling trend similar to the Kråkenes site (Fig. 9D ) and reconstructed AMO (Fig. 10G) . This might explain some of the discrepancy between the precipitation reconstructions from the other ice caps and Ålfotbreen before CE1300, although it should also be noted that this is the most uncertain part of our reconstruction. Our record indicates Pw values below present levels before~CE1200, after which they increase rapidly and remain above present values until near present (Fig. 11A) . Values above 130% of present Pw are found close to~CE1350, 1540, between 1650 and 1770, and at~CE1930. As winter precipitation along the western coast of Norway is strongly related to the North Atlantic westerlies (Nordli et al., 2005) , the ELA variations at Ålfotbreen have most likely been influenced by the spatial and temporal variability of the wintertime westerlies in the past. The wintertime westerlies over southern Norway are closely linked with the NAO (e.g. Nordli et al., 2005) , and it is therefore possible that our record of past Pw also contains a signal related to past variations in the NAO (see Section 5.4.2). If new data sets of similar resolution become available from other sites along the Norwegian coast in the future, it will be possible to reconstruct spatiotemporal patterns of winter precipitation, which may help to elucidate past changes in atmospheric circulation patterns (e.g. the NAO) and the strength and position of the wintertime westerlies over Norway. See Supplementary Fig. S7 for mass-balance data from Ålfotbreen compared with the NAO index. Fig. 11 . A) Reconstructed winter precipitation (% of present) from Ålfotbreen compared with reconstructed Pw from Jostedalsbreen (Nesje et al., 2001) , Folgefonna , and Hardangerjøkulen (Dahl and Nesje, 1996) . Reference line (stippled) marks present winter precipitation (100%). B) Reconstructed winter precipitation from Ålfotbreen compared with the NAO index from Luterbacher et al. (2001) , accounting for a 14-year lag (see Section 4.7). Note change in age scale from A). C) Reconstructed ELA vs. reconstructed Pw (inverted). Observed Holocene Northern Hemisphere (NH) glacier trends with small or absent glaciers in the mid-Holocene and onset of the Neoglacial between 6000 and 4000 cal yr BP are commonly attributed to decreasing summer temperatures forced by orbitallycontrolled insolation changes (Mayewski et al., 2004; Solomina et al., 2015) (Fig. 9B) . The resulting NH summer-season cooling caused a progressive southward shift of the NH summer position of the Intertropical Convergence Zone (ITCZ) during the mid-to late Holocene (Haug et al., 2001; Wanner et al., 2008 Wanner et al., , 2011 . In the case of Ålfotbreen, the relationship between glacier variability and climatic forcing is not straight-forward, and we advocate that different mechanisms might have influenced the ice cap at different times. We propose that the timing of deglaciation at Ålfotbreen was a result of the warmer NH summer temperatures driven by increased summer insolation at that time. We further suggest that our glacier reconstruction record the '8.2 ka BP Event'/Finse Event (Nesje and Dahl, 1991; Nesje, 1994, 1996; Nesje et al., 2006) ; a well-established cooling event in the North Atlantic region which was most likely induced by meltwater pulses (Alley et al., 1997; Alley and Agústsd ottir, 2005; Nesje et al., 2006; Kobashi et al., 2007; Thomas et al., 2007; Kleiven et al., 2008) and subsequent decline in North Atlantic Deep Water formation (Kleiven et al., 2008) . It is unclear if the ice cap melted away completely or if it simply retreated following the glacier advance centred around 8200 cal yr BP, but from~5400 to 5100 cal yr BP we infer a glacier advance at Ålfotbreen. In the Kråkenes temperature record we also observe the onset of a decreasing temperature trend around this time (Fig. 9D) . The timing of this glacier advance at Ålfotbreen corresponds well with periods of glacier advance/onset of the Neoglacial at several other ice caps in Norway; in particular Folgefonna ) (Suppl. Fig. S6F ) and Jostedalsbreen [composite record from Nesje et al. (2001) and Vasskog et al. (2012) ] (Suppl . Fig. S6D) ; two ice caps situated relatively close to Ålfotbreen that are likely to be influenced by similar atmospheric and oceanic forcing. We infer that the decreasing NH June insolation acted as the mechanism responsible for this glacier advance in southern Norway and subsequent onset of the Neoglacial at several ice caps.
The Neoglacial and the 'Little Ice Age' at Ålfotbreen
Both the northern parts of Jostedalsbreen and the Northern Folgefonna ice cap evidently melted away due to the 1.5e2 C warmer summer temperatures that prevailed in the early-to midHolocene subsequent to the Finse Event (Bjune et al., 2005; Nesje et al., 2008) , before reforming at~6100 cal yr BP (Nesje et al., 2001 ) and~5200 cal yr BP , respectively. The higher elevation could explain an earlier initiation of the Neoglacial at Jostedalsbreen, whereas Northern Folgefonna seems to have reformed more-or-less at the same time as the possible glacier advance at Ålfotbreen between 5100 and 5300 cal yr BP. However, after 5100 cal yr BP the trend reverses at Ålfotbreen, and it may have melted completely until~1400 cal yr BP (Section 5.2.1), while Jostedalsbreen and Folgefonna on the other hand continued to grow throughout this period (Fig. S6) . This mid-to late-Holocene reversal at Ålfotbreen is opposite of what we expect as a result from a gradual summer cooling, which should have induced a response more similar to what is seen at both Folgefonna and Jostedalsbreen. Contrary to the increasing terrestrial Neoglacial activity in Scandinavia, the mid-and late Holocene was relatively warm in marine records retrieved outside Norway (Risebrobakken et al., 2003; Sejrup et al., 2011) (Fig. 9C) , and this could have served to further reduce the accumulation season length on Ålfotbreen.
Maritime glaciers in Norway are strongly influenced by winter precipitation and the wintertime westerlies (Ballantyne, 1990; Hurrell, 1995; Nesje et al., 2000a; Bakke et al., 2005; Nordli et al., 2005) , and Ålfotbreen in particular has shown a very high correlation (R 2 ¼ 0.51) between winter mass balance and the leading mode of atmospheric variability in the North Atlantic; the NAO (Nesje et al., 2000a; Nesje, 2009 ) (Suppl. Fig. S7 ). Positive NAOmode years are reflected in the glacier mass-balance of Ålfotbreen as years with a high positive glacier net mass-balance, whereas negative NAO years are associated with atmospheric blocking, forcing the humid air masses to the south or north of SW Norway leading to prevailing colder temperatures and lower winter precipitation on the glaciers in the maritime western Norway. Hence, NAO fluctuations act as a controlling factor governing the amounts of accumulation on glaciers in SW Norway and Holocene glacier records and ELA reconstructions from these glaciers are considered to contain a signal related to past NAO variations (Nesje et al., 2000a) . Fig. 11B shows a comparison between reconstructed Pw from Ålfotbreen with the NAO reconstruction from Luterbacher et al. (2001) . We observe that there are similar multidecadal trends in our dataset and the reconstructed NAO, although around CE1770-1800 there is a distinct drop in Pw while the NAO values are increasing steadily. Over the last 30 years instrumental NAO measurements are able to explain almost 80% of the variability in the wintertime westerlies over southern Norway; however, this relationship has not been constant over time. Between CE1840 and present there are several 30-year intervals where the NAO explains less than 35% of observed changes in the westerlies index (Suppl. Fig. S8 ), and we cannot rule out that this relationship has been even weaker in periods beyond the instrumental record. The opposite trends in the reconstructed Ålfotbreen Pw and the NAO around CE1770-1800 (Fig. 11B ) could therefore indicate a weaker link between the NAO and wintertime westerlies over Norway in this period. Another possible explanation is that the distinct decrease in North Atlantic Ocean temperatures indicated by the AMO at this time could have served to reduce the moisture availability, thereby reducing winter accumulation on Ålfotbreen. This potential influence of ocean temperatures on winter precipitation is, however, exceedingly difficult to disentangle from the opposite effect that a colder ocean would have on glacier mass-balance through reduced ablation during summer. During the Medieval Climatic Anomaly (MCA) from 1000 to 700 cal yr BP (CE950-1250) (Solomina et al., 2015) , the climate in the North Atlantic region was relatively warm (e.g. Mann et al., 2009) . The ELA of Ålfotbreen shows a steady lowering from the start of our record at CE550 before stabilizing at a level close to its present elevation during most of the MCA (Fig. 10) . This implies that reconstructed Pw increases over the same interval, and it is during the MCA that our central estimate of Pw first reaches present-day levels and above (Fig. 11B) .
The 'Little Ice Age' was a period of glacier advance across the world, but the mechanisms driving these advances are presently not fully understood (Broecker, 2000; Nesje and Dahl, 2003; Solomina et al., 2015) . One of the key issues addressed is defining the exact timing of the LIA, which may vary significantly from site to site depending on the types of proxy records used (e.g. glaciers, temperature, or precipitation) and different climatic settings. The LIA at Ålfotbreen shows a pattern similar to other glacier records from Norway and Svalbard (Fig. 10) with an onset 650 cal yr BP (CE1300), lasting until~50 cal yr BP (CE1900). The LIA maximum extent of Ålfotbreen occurred between~400 and 200 cal yr BP (CE1550-1750). In Fig. 10E , our reconstruction shows an ELA lowering of~200 m during the LIA relative to the present steady-state ELA at~1180 m. This order of magnitude is similar to what we find for e.g. Okstindan in Arctic Norway (Bakke et al., 2010) , which showed an ELA lowering of 250 m during the LIA (Fig. 10C ).
An interesting time-transgressive trend in the LIA maximum can be observed in Fig. 10: The timing of the LIA maximum tends to occur progressively later as we move northwards (see stippled line). Because temperatures during the LIA are regionally consistent for the area of interest (Mann et al., 2009) we suggest that winter precipitation might be the most important factor controlling the timing of the LIA maximum for the glaciers in this south-north transect. We acknowledge that the compiled glacier reconstructions have significant uncertainties in age control, but the overall difference in timing from north to south is larger than what can be explained by age uncertainty alone. We therefore suggest that the observed progressively later maximum glacier advances are likely forced by regional differences in winter precipitation. From observations we know that regional changes in precipitation in the North Atlantic are strongly linked to the NAO, but there are still large uncertainties in how the NAO has behaved in the past (Lehner et al., 2012; Pinto and Raible, 2012) . Proxy reconstructions of the NAO often show widely conflicting results prior to the instrumental record, with some reconstructions suggesting a change to a generally more positive NAO mode during the LIA (e.g. Meeker and Mayewski, 2002) , while others indicate the opposite (e.g. Trouet et al., 2009) . One challenge in this respect is to distinguish between the effects of strength versus frequency of North Atlantic cyclones on longterm trends in the reconstructed NAO (e.g. Trouet et al., 2012) . From the connection between winter mass balance on Ålfotbreen and the NAO, our reconstruction seems to favour a change towards a generally more positive NAO situation during the LIA, but the question of cyclone frequency versus intensity remains. New high-resolution precipitation reconstructions along the coast of Norway might add to our knowledge of past changes in the NAO (Lehner et al., 2012) , and reveal whether the timetransgressive northward migration of the LIA glacier maximum is related to this atmospheric circulation feature.
What does the future hold for Ålfotbreen?
Ålfotbreen might become one of the first glaciers in Norway to melt completely if the present warming trend continues without being compensated for by increased accumulation-season precipitation (Nesje et al., 2008; Andreassen et al., 2012) . According to an energy-balance modelling study, Ålfotbreen is predicted to respond with an ELA rise of 135 m and a mass balance change of À1.11 m water equivalents (m.w.e.) per year as a response to a 1 C increase in temperature (Oerlemans, 1992) . Temperature projections for the future exceed 1.5 C of warming (relative to CE1850-1900) by the end of the 21st century (IPCC, 2013) , which is similar in magnitude to peak warming during the Holocene Thermal Maximum (Sepp€ a and Birks, 2001; Davis et al., 2003; Renssen et al., 2009 ). As our record shows that Ålfotbreen was most likely melted away during this period (from 8200 tõ 5400 cal yr BP) we infer that Ålfotbreen might melt away completely within the end of the 21st century. If a positive NAO mode were to prevail along with cooler summer temperatures for several years, this could lead to an expansion of the Ålfotbreen ice cap; however, the current warming trend is expected to continue, and the future variability of the NAO is not possible to predict. If the ice cap should melt away completely within the end of the 21st century, as our current best knowledge seems to suggest, this will be the first time in more than 1400 years that the Ålfotbreen mountain plateau becomes entirely ice-free.
Conclusions
In a future warmer climate, Ålfotbreen is one of the most vulnerable glaciers in Norway and the ice cap might disappear completely within few decades due to its narrow hypsometry and low altitude. Here we have presented and assessed novel data on past variations of Ålfotbreen, including periods where the glacier might have been totally melted away. We have focused in particular on the Neoglacial period with high-resolution reconstructions of ELA variations and winter precipitation covering the last~1400 years. Our results can be summarized as follows:
(1) Ålfotbreen retreated/melted away between ca. 10,100e9700 cal yr BP, following deglaciation. The ice cap reformed and/or experienced a glacier advance during the '8.2 ka BP Event'/Finse event (centred~8200 cal yr BP). Thereafter, the ice cap probably melted away completely until a possible new glacier advance is recorded from ca. 5400e5100 cal yr BP. The timing of this advance is approximately synchronous with other glacier advances in western Norway at the Jostedalsbreen and Folgefonna ice caps. Following this glacier event, the ice cap probably melted away completely again and did not reform until the onset of the local Neoglacial period at~1400 cal yr BP. The LIA is determined to have lasted from~650 cal yr BP (CE1300) until 50 cal yr BP (CE1900), with the LIA maximum occurring from~400 to 200 cal yr BP (CE1550-1750). The LIA maximum was probably the largest glacier extent of Ålfotbreen since deglaciation.
(2) A regional synthesis of Neoglacial glacier variations is presented in a south-north transect, showing an apparent timetransgressive trend of the LIA maximum extents with the onset of the LIA seemingly starting progressively later as we move further north. We suggest that this is likely forced by regional winter precipitation differences along the coast of Norway. (3) Our high-resolution precipitation reconstruction, based on independent Ts and ELA reconstructions, correlates well with other Pw reconstructions from SW Norway after CE1300. Before this (between CE550-1300) the records diverge, possibly due to differences in the summer temperature records used when reconstructing Pw through the 'Liestøl equation'. Our novel approach of calculating ELA and winter precipitation could be applied at other sites where lack of (dated) moraines complicates the accurate timing and extent of past glacier advances, although this requires instrumental measurements of ELA.
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